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Energy-Efficiency Improvement Potential of Multi-split
Air Conditioning Systems i China

Nihan Karali, Chao Ding, Won Young Park, Nihar Shah, and Jiang Lin

Abstract

In 2015, the market for variable refrigerant flow (VRF) air conditioning systems in China totaled 3.7 billion
U.S. dollars, representing 13% of the total packaged air conditioning market, and the VRF market share
has grown rapidly. This report provides context for assessing China’s minimum energy performance
standard (MEPS) for VRF systems by analyzing the costs and benefits of efficiency improvements via
various technological advancements. Currently, the best available VRF systems in Japan currently achieve
Japanese annual performance factor (APF) 6.5-6.6 (China APF of roughly 5.0-5.5, based on our
preliminary estimates). In general, the best available VRF systems available in major economies surpass
the highest efficiency levels recognized by labeling programs by at least 20%. In addition, there are multiple
VRF systems manufactured in China that have system EER ratings of 4.00 and higher. Some Chinese
manufacturers also reported a China APF range of 4.60-5.00 for the VRF systems with an integrated part
load value (IPLV) range of 6.05-6.60. In this analysis, we model four representative VRF systems—with
cooling capacities of 14 kilo-watts (kW), 18 kW, 40 kW , and 85 kW—based on the Chinese market’s most
common configurations and using China-specific component data and product specifications from
manufacturer literature and industry experts. For each VRF system type, we evaluate 144 different design
combinations of efficient technologies and estimate the least-cost combinations able to reach target
efficiency levels, relying heavily on recent literature and input from industry experts in the Chinese market.
We analyze consumer impacts by calculating net lifetime savings and payback period for each level of
efficiency improvement. The results show that China has great opportunity to improve its VRF system
efficiency using cost-effective technologies. With stringent MEPS levels, sufficient incentives, and robust
regulatory programs such as labeling and procurement programs, high-efficiency VRF systems can be
developed and deployed in China.
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Executive Summary

In 2015, the market for variable refrigerant flow (VRF) air conditioning systems in China totaled 3.7 billion
U.S. dollars, representing 13% of the total packaged air conditioning market, and the VRF market share
has grown rapidly. This report provides context for assessing China’s minimum energy performance
standard (MEPS) for VRF systems by analyzing the costs and benefits of efficiency improvements via
various technological advancements. We model four representative VRF systems—with cooling capacities
of 14 kW (residential - representing cooling capacity (CC) < 14 kW category), 18 kW (residential -
representing 14 kW < CC < 28 kW category), 40 kW (commercial - representing 28 kW < CC < 68 kW
category), and 85 kW (commercial - representing 68 kW < CC category)—based on the Chinese market’s
most common configurations and using China-specific component data and product specifications from
manufacturer literature and industry experts. For each VRF system type, we evaluate 144 different design
combinations of efficient technologies and estimate the least-cost combinations able to reach target
efficiency levels, relying heavily on recent literature and input from industry experts in the Chinese market.
We analyze consumer impacts by calculating net lifetime savings and payback period for each level of
efficiency improvement.

The results show that China has great opportunity to improve its VRF system efficiency using cost-effective
technologies. With stringent MEPS levels, sufficient incentives, and robust regulatory programs such as
labeling and procurement programs, high-efficiency VRF systems can be developed and deployed in China.

The following are key findings and implications of this study:

e The best available VRF systems in Japan currently achieve Japanese APF 6.5—6.6 (China APF of
roughly 5.0-5.5, based on our preliminary estimates). In general, the best available VRF systems
available in major economies surpass the highest efficiency levels recognized by labeling
programs by at least 20%.

e There are multiple VRF systems manufactured in China that have system EER ratings of 4.00 and
higher. In addition, some Chinese manufacturers reported a China APF range of 4.60-5.00 for
VREF systems with an IPLV range of 6.05-6.60.

e Increasing the efficiency of small-capacity VRF systems (considered CC < 28 kW in this report))
to APF 5.5—representing about 30% efficiency improvement, which are common for residential
use—is feasible and beneficial. There are already multiple models from Chinese manufacturers
reported to have APF rating ranging from 4.6 to 5.0, an APF 5.5—the highest efficiency in the
Japanese market for these categories

o could be achieved at a price increase of about 12%, compared with the price of a baseline
APF 4.2 VRF system.

o likely would provide large consumer benefits in the form of net savings over a system’s
lifetime; the payback period varies little between efficiency levels of APF 5.0 and 5.5,
and is less than 5 years in most of the cases.

e Increasing the efficiency of large-capacity VRF systems (common for commercial use) to APF
5.5 for systems is also feasible and beneficial.

o It could be achieved at a price increase of about 10%, compared with the price of a
baseline APF 4.2 VRF system.

o It likely would provide large benefits to commercial customers in the form of net savings
over a system’s lifetime, and it could pay back faster than residential units do because of
longer hours of use.



1. Introduction

Heating, ventilation, and air conditioning (HVAC) systems provide a variety of services such as heating,
cooling, ventilation, and humidity control. There is a wide range of HVAC systems available, including the
basic window-fitted units, mini-split systems, multi-split systems - featuring variable refrigerant flow
(VRF) as well -, medium and large-scale package units, and so on. In its large packaged air conditioner
(PAC) report, BSRIA (2016) notes that VRF is the second biggest market by value among all types of PAC
products in China, even though its share by volume is small (Figure 1). The figure shows that almost
hundred percent of multi-split units in China (shown as Multi splits and VRF in Figure 1) is VRF systems.

VREF systems were originally developed in Japan in 1982 (Thornton and Wagner, 2012). They entered the
HVAC market in China in the late 1990s, but market penetration was minimal. Between 2015 and 2017,
however, VRF sales in China grew at a compound annual growth rate of more than 20% (Khanna et al.,
2019). In 2015, the Chinese VRF market totaled 3.7 billion U.S. dollars, representing 13% of the total PAC
market (BSRIA, 2016).

The packaged air conditioning market, unit volume, 2014-2020F
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Figure 1. China’s historical and forecasted (F) PAC market by product type, 2014-2020
Note: Please see Appendix Al for the definitions of key product groups.
Source: BSRIA (2016)



To date, VRF systems in China are not covered by a dedicated minimum energy performance standard
(MEPS). Instead, they are included under the China MEPS issued for multi-split systems in 2008, based on
the integrated part load value (IPLV) efficiency index (Table 1). However, as Figure 2 shows, the model-
weighted average IPLV for multi-split ACs in 2016 was 2.6-3 times higher than the current MEPS, and the
efficiency of this market segment increased 50%—65% between 2012 and 2016. Clearly, China’s current
multi-split MEPS is outdated.

In addition, current Chinese MEPS for multi-split ACs does not consider any climate zone difference. In
contrast, single-phase VRF multi-split systems smaller than 19 kW (65,000 Btu/h) are covered in the U.S.
residential central ACs/heat pumps (HPs) MEPS, which divides the country into three climate zones and
applies different efficiency levels. No such division exists for VRF systems larger than 19 kW. See the
Appendix A2 and A3 for details of the U.S. MEPS.

Table 1. China’s Energy-Efﬁciency Label Grade Thresholds for Multi-Split Air Conditioning (AC) Systems

. . ) IPLV (Cooling) Level [W/W]
Nominal Cooling Capacity (CC) Grade 5
[KW] (MEPS) Grade 4 Grade 3 Grade 2 Grade 1
CC<28 2.80 3.00 3.20 3.40 3.60
28<CC<84 2.75 2.95 3.15 3.35 3.55
CC>84 2.70 2.90 3.10 3.30 3.50

Source: GB 21454-2008 (2008)
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Figure 2. Model-weighted average IPLV for multi-split ACs in China, 2012-2016, compared with 2008 MEPS
and Grade 1 values
Source: GB 21454-2008 (2008), Cheng (2017)

The average efficiency of PACs in Japan, including VRF systems, increased by about 30% between 2007
and 2015, from Japanese annual performance factor (Japanese APF) 4.8 to 6.1 (Figure 3). Currently, the
best available VRF systems in Japan achieve Japanese APF 6.5-6.6. In general, the best available VRF
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systems available in major economies surpass the highest efficiency levels recognized by labeling programs
by at least 20%. Our preliminary estimates show that best available technology (BAT) VRF systems in
Japan have efficiencies in China APF of roughly 5.0-5.5. Table 2 summarizes some of the BAT VRF
systems that are manufactured in China along with their system EER ratings. As can be seen, there are
multiple VRF systems below 28 kW CC that have system EER ratings of 4.00 and higher. In addition, Table
3 lists reported APF values from Chinese manufacturers for some VRF models. According to the ratings in
Table 3, models which have an IPLV range of 6.05-6.60 are reported to have a China APF range of 4.60-
5.00.

-O-EER of RACs
——APF of RACs

6 = ——EERofPACs
APF of PACs

= 6.1

APF

Efficiency Indices (EER or APF)

Top Runner started 1st Target Year 2nd Target Year Top Runner

8 (1998) (2004) (2010) (for commercial systems)
1990 1995 2000 2005 2010 2015

Figure 3. Average efficiency improvement of PACs and room ACs (RACs) in Japan, 1990-2015
Note: Japan under its Top Runner Program has set energy efficiency goals of end-use products based on the most
efficient products on the market. In Japan, PACs include commercial-use medium/large split, remote condenser
type, single packaged, VRF, and unitary systems. APF calculations for RACs and PACs are based on JIS C 9612
and JIS B 8616, respectively.

Source: Phadke et al. (2017) and Kimura (2010) for RACs; Yoshida (2017) for PACs
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Table 2. Some of the BAT VRF systems from Chinese manufacturers and system EER ratings

Brand Model CC (kW) System EER (W/W)
Haier AVOS8IMVEVA 25.2 4.50
Chigo CMV-D252W/XR1 25.2 4.50
Haier AVOSIMVURA 22.4 4.40
Chigo CMV-D252W/ZR1-C 25.2 4.35
Midea MV5-X252W/V2GN1 25.2 4.35
Haier AVOSNMMEUA 25.2 4.35
Tica TIMSO080AST 25.0 4.33
Haier AVOSIMSEVA 25.2 4.32
Gree GMVS5S 224WM/B 22.0 431
Chigo CMV-D252W/XR2 28.0 4.30
Haier AVO8GMVESA 25.2 4.25
Haier AUO42FPERA 12.6 4.05
Tica TIMS125AHT 12.5 4.03

Note: Gree GMV5S 224WM/B, 22 kW CC/EER 4.31/IPLV 9.7.
Source: Haier (2018&2019), Chigo (2018), Midea (2017), Tica (2018), Gree (2019)

Table 3. Some of the reported APF values from Chinese manufacturers!

Brand Model CC (kW) | APF (Wh/Wh) |IPLV (W/W)
Midea MDS-H100W (E1) 10.0 5.00 6.6
Midea MDS-H120W(E1) 12.0 4.95 6.4
Midea MDVH-V120W / N1-TR (F1) 12.0 4.95 6.4
Midea MDS-H140W (E1) 14.0 4.90 6.2
Midea MDS-H160W(E1) 15.5 470 6.1
Aux DLR-H180W (C1) 18.0 4.60 6.05

This report provides context for assessing China’s MEPS for VRF systems by analyzing the cost of
efficiency improvements via various technological advancements for four VRF systems, which differ based
on their capacities and numbers of indoor units. We also estimate payback periods and net customer savings
through the lifetimes of the equipment.

2. Definition of VRF Systems

VREF systems are enhanced versions of multi-split AC systems, integrating a large number of indoor units
with one outdoor unit, with each indoor unit having its own regulation system. As for traditional multi-split
systems, VRF systems can be air cooled, water cooled, cooling only, heating only, or reversible, and they
can be able to generate heating and cooling simultaneously (REHVA, 2014). The main difference is that
VRF systems are designed for larger systems (up to 50 indoor units), while the traditional multi-split
systems are generally practical for 2-8 indoor units. In addition, VRF systems have better tubing for efficient
flow of refrigerant so that there are much lesser energy losses. The outdoor unit has one or more
compressors that are connected with each other to increase the capacity of the system. These types of
systems typically include compressors with variable-speed drives (VSDs, also known as inverter-driven

! https:/list.jd.com/list.html?cat=737,794,13701
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compressors), electronic expansion valves in each indoor unit, and the refrigerant R410A. The outdoor units
and each of the indoor units are connected with the refrigerant pipes. The term “variable refrigerant flow”
refers to the system’s ability to control the amount of refrigerant flowing to each of the evaporators, enabling
the use of many evaporators of differing capacities and configurations, individualized comfort control,
simultaneous heating and cooling in different zones, and heat recovery from one zone to another (Amarnath
and Blatt, 2008). As each indoor unit sends a demand to the outdoor unit, the outdoor unit delivers the
amount of refrigerant needed to meet the individual requirements of each indoor unit. The CCs of VRF
systems are generally 10-56 kW for single modules, whereas combined systems with multiple outdoor and
indoor units can have CCs up to 150 kW (REHVA, 2014). The CCs of indoor units are generally 2—7 kW.

3. Relationship between APF and IPLV

China has been evaluating the energy performance of fixed-speed drive (FSD) RACs using EER while
evaluating VSD RACs using SEER for cooling-only products and APF for reversible-type products (HPs).
The upcoming MEPS and labels for Chinese RACs will be based on SEER (cooling-only) or APF
(reversible) for both FSD and VSD products, starting around July 1, 2020 (Karali et al., 2019).

For evaluating the energy performance of multi-split systems, including VRF systems, China has been using
IPLV to set MEPS and labeling requirements. The IPLV metric for air-cooled multi-split systems is
expected to be replaced by the APF metric to align with China’s new RAC standards and labels defined in
GB/T 7725-2004 (2004), GB/T 17758-2010 (2010), and GB 21455-2013 (2013). Outdoor temperature bin
hours used for calculating seasonal efficiency of an AC system are defined as a set of hours at each outdoor
temperature that requires cooling and heating. The water-cooled multi-split systems still use IPLV but with
a revised equation. Details of the current performance evaluation metrics and test conditions in China can
be found in Appendix A4. Figure shows relationships used in this study to convert between IPLV and
China APF. This relationship is based on multiple sources, including Chinese manufacturers reviews and
reported values.

At the time of this study, the U.S. DOE’s Appliance Standards and Rulemaking Federal Advisory
Committee (ASRAC) formed a working group for VRF multi-split air conditioners and heat pumps to
negotiate proposed test procedures. The working group, including representatives from VRF manufacturers,
energy efficiency advocacy organizations, and other interested parties, agreed to an amended test procedure
for VRFs based on the IEER metric (DOE, 2019a), which was subsequently supported by ASRAC. The
amended test procedure includes a controls verification procedure (CVP), as outlined in Appendix C of the
AHRI 1230-2019 draft test standard (DOE, 2019b). The CVP is derived from JIS B 8616 and its purpose
is to determine modulating components’ typical range of operation when controlled by the unit under test
at conditions consistent with operating conditions (including standard rating conditions) in a laboratory test
room. The manual override settings that would be used during steady-state standard rating tests at a given
load point would be required to be within the ranges determined by the CVP (DOE, 2019c). The
recommended amended VRF test procedure may provide some useful information for future Chinese test
procedure development.
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Figure 4. APF-IPLYV relationship used in this analysis (gray dots)

Note: The regression relationship represented by the gray dots, based on Chinese manufacturer
claims (reviews and reported values), is used in this study. The other three lines in blue
(maximum), black (median), and orange (minimum) represent a theoretical range of conversion
between IPLV and China APF based on Wu and Ding (2019).

4. Cost of Efficiency Improvement and Consumer Impact Analysis

In this section, we describe our analytical framework and the technologies we consider for improving the
efficiency of VRF systems. Shah et al. (2015) and Karali et al. (2019) consider various combinations of
efficient technologies used in higher-efficiency RACs to estimate the total incremental cost and financial
benefits of efficiency improvements to RAC owners. Their method is similar to those used in the U.S. and
EU MEPS rulemaking processes to estimate the incremental cost of appliance efficiency improvements.
The method shows the economic costs and efficiency ratings of different combinations of efficient
technologies on a cost curve. The analysis in this report follows the same approach to calculate the cost and
benefits gained from using technologies that are more efficient in a VRF system. We evaluate 144 different
design combinations of efficient technologies for four different VRF systems, based on the most common
systems used in China, and estimate the least-cost combinations able to reach certain levels of efficiency.
We calculate the overall savings from combined component technologies by multiplying the individual
impacts (see Eq. 1).

t_es(m) =1 —[[;(1 - esy (i) (Eq.1)

where to5(n) is the overall percent savings of the design combination m and es,, (i) represent the percent
energy savings gained from component i used in the design combination m, compared to the baseline
component. Please see Karali et al. (2019) for the detailed modeling of the methodology used in this study.
We verify the savings potential and incremental cost of the efficient technologies used in this study via
multiple VRF manufacturers in China.

In addition, we calculate the net savings from each design combination through the lifetime of the VRF
system. These net savings are the sum of the electricity bill savings and the initial investment expenses
annualized by means of a discount rate. A payback period for each combination is calculated using the
annual electricity bill savings provided by that design combination relative to the baseline. Figure
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summarizes the method. Key analysis parameters include incremental costs, energy savings, markup rates,
hours of use, system lifetime, electricity price, and consumer discount rate.
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Figure 5. Cost-efficiency curve and consumer impact analysis summary framework

The baseline VRF systems used in this analysis have characteristics typical of such systems:

e Refrigerant R410A
e Inverter scroll compressor
e Electronic expansion valve

The following technologies are considered for increasing the efficiency of VRF systems:

o Compressors with EER ratings increased via approaches such as a specifically designed scroll
profile, for example, using asymmetric scroll design, magnet rotor, torque control, smooth 180°
sine wave direct current (DC) inverter, brushless DC motor, DC fan motor

e Compressor units with multiple compressors, at least one of which is an inverter-controlled VSD
COMpressor

e Heat exchangers with efficiency increased via approaches such as microchannel heat exchangers,
circuit optimization, material change (aluminum, etc.), fin designs, tube designs, and groove
patterns

Please see the Appendix A5 for the detailed description of the efficiency improvement options.
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4.1. Types of VRF Systems Analyzed and Assumptions

For the cost-efficiency relationships and consumer impact analyses, four different VRF systems are
evaluated. According to ChinalOL (2019), residential small multi-split (CC < 28 kW) accounts for more
than 60% in China market. The rest is commercial large units (CC > 28 kW). The most common
configurations for residential VRF systems are 14 kW and 18 kW capacities (Khanna et al., 2019). We
assume VRF system 1 is representative for systems with CC <14 kW, whilst VRF system 2 is representative
for systems with 14 kW < CC <28 kW. We also evaluate two large commercial VRF systems, which have
capacities of 40 and 85 kW. Similarly, we assume VRF system 3 is representative for systems with 28 kW
< CC £ 68 kW, whilst VRF system 2 is representative for systems with 68 kW < CC.

Table 4 summarizes the VRF systems evaluated in this study. Based on discussion with Chinese VRF
system manufacturers, we calculate the number of joints, where refrigerant pipes are connected, and
additional refrigerant via the following equations:

number of joints = number of indoor units — 1 (Eq. 2)
Additional refrigerant charge (kg) = 0.022 (kg/m) X 06.35length (m) + 0.054 (kg/m) X
?#9.52length (m) (Eq. 3)

In addition, a relation between APF and annual unit energy consumption (UEC) is estimated, based on the
performance data of three selected VRF models in accordance with GB21455-2013 (2013). This
relationship is then adjusted to calculate UECs for larger capacity systems, also considering the longer
hours of use per year in the commercial sector.

Table 4. Characteristics of VRF Systems Analyzed in This Study

VRF system1 | VRF system2 | VRF system3 | VRF system 4

Refrigerant (R410A) (kg) 4.0 5.1 13.0 26.0
Number of outdoor units 1 1 2 3
Number of indoor units 4 5 16 30
Capacity (BTU/h) 48,000 60,000 136,500 290,000
Capacity (kW) 14 18 40 85
Number of joints 3 4 15 29
Piping length (m)

09.52 10.0 133 50.0 96.7

36.35 20.0 25.0 80.0 150.0

312.70 20.0 13.3 50.0 96.7

015.88 10.0 25.0 80.0 150.0
Additional refrigerant charge (kg) 0.98 1.27 4.46 8.52
APF (Wh/Wh) 4.2 4.2 4.2 4.2
IPLV (W/W) 4.7 4.7 4.7 4.7

Source: Chinese VRF manufacturers
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In VRF system 1, the outdoor unit includes one DC inverter, i.e.,VSD, compressor connected to a controller,
and the controller is connected to four separate indoor units (Figure ).

| —c ] | ] | o |
‘ I | S L T
b [ d e

Figure 6. Schematic overview of VRF system 1

Note: This figure is an abstract representation of a 14 kW 1 outdoor/4 indoor unit VRF system and not a one-to-one
representation of VRF system 1.

Source: Chinese VRF system manufacturers

In VRF system 2, the outdoor unit includes one DC inverter compressor connected to a controller, and the
controller is connected to five separate indoor units (Figure ).

‘ | ar 1
| 1 | I = | I | ] ] |

Figure 7. Schematic overview of VRF system 2
Note: This figure is an abstract representation of an 18 kW 1 outdoor/5 indoor unit VRF system and not a one-to-one

representation of VRF system 2.
Source: Chinese VRF system manufacturers

In VRF system 3, one outdoor unit has a VSD, and the other has a FSD. Each outdoor unit is connected to
a controller, and the controllers are connected to a total of 16 indoor units with capacities varying from 1.8—
3.52 kW. In VRF system 4, one outdoor unit has a VSD, and the other two have FSDs. Each outdoor unit
is connected to a controller, and the controllers are connected to a total of 30 indoor units with capacities
varying from 1.9-7 kW. Figure shows an abstract representation of larger VRF system configurations like
systems 3 and 4.
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Figure 8. Concept of VRF systems 3 and 4
Note: This figure is an abstract representation of larger VRF system
configurations and not a one-to-one representation of VRF system 3 or 4.

4.2, Baseline Cost Structure

Table 5 5 and Figure detail the baseline manufacturing costs, markup rates, taxes, and purchase prices for
the four VRF systems analyzed in this study. The most expensive component of a VRF system is the
compressor, including inverter chip and electronic control bar costs. The share of compressor cost increases
in larger systems owing to the multiple compressors used. The next most expensive components are the
heat exchanger and pipeline. The total markup is 68%, covering manufacturer and retailer markups and
taxes. The rates are based on input from Chinese VRF system experts and calibration of the model with real
market prices. Assembly and installation costs are not included in this analysis because of the difficulty of
finding consistent costs across China.

Table 5. VRF System Baseline Costs, Markups, Taxes, and Prices

VRF system 1 VREF system 2 VRF system 3 VRF system 4
Manufacturing cost (000 ¥) 12.98 17.38 63.75 127.47
Manufacturer markup 28%
Retailer markup 28%
Taxes 12%
Purchase price ('000 ¥) 21.81 29.20 107.10 214.15

17



VRF System 1

= Manufacturing cost (outdoor unit)
= Manufacturing cost (indoor unit)

VRF System 2

= Manufacturing cost (outdoor unit)
= Manufacturing cost (indcor unit)

VRF System 3

= Manufsacturing cost (outdoor unit)
u Manufscturing cost (indeor unit)

VRF System 4

= Manufacturing cost (outdocer unit)
= Manufacturing cost (indcor unit)

Figure 9. Manufacturing cost details for VRF systems
Source: Chinese VRF manufacturers
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= Heat Exchanger
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= Fan motor
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u Fan Blade

= Other
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» Pipeline
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Note: Component pie charts on the right side represent the cost share in outdoor unit manufacturing cost.
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4.3. Incremental Costs of Efficiency Improvement

The energy savings and cost increase for each efficiency improvement option for VRF system 1 are shown
in Table 6. Higher EER rating compressors provide energy savings of 5.9%—15.5% compared with the
baseline compressor. We also evaluate design combinations that include two compressors. Compressors 4—
7 in Table 6 represent two VSD compressors (24.0% energy savings), while compressors 8—11 represent a
combination of one VSD and one FSD compressor (19.2% energy savings). The VSD compressor units are
rated at significantly higher part-load efficiency compared with the FSD systems. Energy savings also
increase by using an all-DC inverter (5.3%) and more efficient heat exchangers (8.3%—-25.8%).

Table 6. Incremental Manufacturing Cost and Energy Savings of Efficient Components for Chinese VRF
System 1

. Energy Savings
Component Manufacturing Cost (¥) from Baseline
Compressor
Baseline Compressor with DC inverter, i.e., VSD 2,300 -
Efficient Compressor 1 with DC inverter, i.e., VSD 2,470 5.9%
Efficient Compressor 2 with DC inverter, i.e., VSD 2,830 11.0%
Efficient Compressor 3 with DC inverter, i.e., VSD 3,190 15.5%
+ . .
Multiple Compressors 4-7 DC‘ DC YSD compressors for each 2.x for each design options 24.0%
design options listed above listed above
. DC VSD + FSD compressors for 1.4x for each design options 0
Multiple Compressors 8-11 each design options listed above listed above 19.2%
Inverter
All DC inverter DC inverter for fans 460 5.3%
Heat Exchanger (HE)
Baseline HE - 1,216 -
Efficient HE 1 UA of both HEs increased by 20% 1,459 8.3%
Efficient HE 2 UA of both HEs increased by 40% 1,702 14.2%
Efficient HE 3 UA of both HEs increased by 60% 1,946 19.0%
Efficient HE 4 UA of both HEs increased by 80% 2,489 22.3%

Source: Costs are based on inputs from Chinese VRF system manufacturers. Energy savings are adjusted from Riviere et al.
(2009) based on reported savings change between capacities.

Note: U (W/m?K) is the overall heat transfer coefficient, A (m?) is the total heat exchange area. The VRF system with the
baseline compressor has a system rating of 3.3 EER.
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The energy savings and cost increase for each efficiency improvement option for VRF system 2 are shown
in

Table 7. Higher EER rating compressors provide energy savings of 6%—15.5% compared with the baseline
compressor. We also evaluate design combinations that include two compressors. Compressors 4—7 in
Table 7 represent two VSD VRF compressors (26.0% energy savings), while compressors 8—11 represent
a combination of one VSD and one FSD compressor (20.8% energy savings). Energy savings also increase
by using an all-DC inverter (5.5%) and more efficient heat exchangers (8.3%—25.8%).

Table 7. Incremental Manufacturing Cost and Energy Savings of Efficient Components for Chinese VRF
System 2

Component Manufacturing Cost (¥) Ezzggaizzillgs

Compressor

Baseline Compressor with DC inverter, i.e., VSD 3,300 -

Efficient Compressor 1 with DC inverter, i.e., VSD 3,564 6.0%

Efficient Compressor 2 with DC inverter, i.e., VSD 4,122 11.2%

Efficient Compressor 3 with DC inverter, i.e., VSD 4,680 15.5%

Ml Compresors £ £ V8D o s 2w desnopions |y

Ml Compresors 11| 2650 FSDeomprsan | 143 e o
Inverter

All DC inverter DC inverter for fans 450 5.5%

Heat Exchanger (HE)

Baseline HE - 1,900 -

Efficient HE 1 UA of both HEs increased by 20% 2,280 8.3%

Efficient HE 2 UA of both HEs increased by 40% 2,660 14.2%

Efficient HE 3 UA of both HEs increased by 60% 3,040 19.0%

Efficient HE 4 UA of both HEs increased by 80% 3,895 22.3%

Source: Costs are based on inputs from Chinese VRF system manufacturers. Energy savings are adjusted from Riviere et al.
(2009) based on reported savings change between capacities.

Note: U (W/m?/K) is the overall heat transfer coefficient, A (m?) is the total heat exchange area. The VRF system with the
baseline compressor has a system rating of 3.25 EER.
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The energy savings and cost increase for each efficiency improvement option for VRF system 3 are shown
in

Table 8. Higher EER rating compressors provide energy savings of 6.7%—15.5% compared with the
baseline VSD and FSD compressors. We also evaluate design combinations that include two and three VSD
compressors. Compressors 4—7 in

Table 8 represent two VSD VRF compressors (12.0% energy savings), while compressors 8—11 represent
three VSD VRF compressors (18.0% energy savings). Energy savings also increase by using an all-DC
inverter (6.5%) and more efficient heat exchangers (8.3%—26.0%).

Table 8. Incremental Manufacturing Cost and Energy Savings of Efficient Components for Chinese VRF
System 3

Energy Savings

Component Manufacturing Cost (¥) from Baseline
Compressor
Baseline Compressor 1xVSD + 1xFSD compressors 20,141 -
Efficient Compressor 1 1xVSD + 1xFSD compressors 22,430 6.7%
Efficient Compressor 2 1xVSD + 1xFSD compressors 24,719 12.7%
Efficient Compressor 3 1xVSD + 1xFSD compressors 27,008 15.5%

2xVSD compressors for each design | 1.4x for each design options

Multiple Compressors 4-7 options listed above listed above 12.0%

Multiple Compressors 8-11 (3);;/0813 ;:ics)tr:é)raebszizs for each design 12i.55tzdf(;; Zizh design options 18.0%
Inverter

All DC inverter DC inverter for fans 1,633 6.5%

Heat Exchanger (HE)

Baseline HE - 3,455 -

Efficient HE 1 UA of both HEs increased by 20% 4,150 8.3%

Efficient HE 2 UA of both HEs increased by 40% 4,650 14.3%

Efficient HE 3 UA of both HEs increased by 60% 5,775 19.2%

Efficient HE 4 UA of both HEs increased by 80% 7,082 22.5%

Source: Costs are based on inputs from Chinese VRF system manufacturers. Energy savings are adjusted from Riviere et al.
(2009) based on reported savings change between capacities.

Note: U (W/m?/K) is the overall heat transfer coefficient, A (m?) is the total heat exchange area. The VRF system with the
baseline compressor has a system rating of 3.4 EER.
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The energy savings and cost increase for each efficiency improvement option for VRF system 4 are shown
in

Table 9. Higher EER rating compressors provide energy savings of 7.9%—15.6% compared with the
baseline VSD and two FSD compressors. We also evaluate a design combination that combines one VSD
with three FSD compressors and a combination that combines two VSD with two FSD compressors.
Compressors 4—7 in

Table 9 represent the first combination of compressors (10.0% energy savings), while compressors 8—11
represent the second combination of compressors (22.0% energy savings). Energy savings also increase by
using an all-DC inverter (7.0%) and more efficient heat exchangers (8.5%—-26.5%).

Table 9. Incremental Manufacturing Cost and Energy Savings of Efficient Components for Chinese VRF
System 4

Component Manufacturing Cost (¥) i]j:rzfr:g];’aizl‘iiilnegs
Compressor
Baseline Compressor 1xVSD + 2xFSD compressors 40,283 -
Efficient Compressor 1 1xVSD + 2xFSD compressors 44,860 7.9%
Efficient Compressor 2 1xVSD + 2xFSD compressors 49,438 14.9%
Efficient Compressor 3 1xVSD + 2xFSD compressors 54,015 15.6%
Multiple Compressors 4-7 (2);:1/0S£ lcics)trélgfbszi): for each design 111:::;2{, zizh design options 12.0%
Multiple Compressors 8-11 z;;losrg ﬁ::ggt:;ii? for each design 121s5t: df(;{)zizh design options 18.0%
Inverter
All DC inverter DC inverter for fans 3,366 7.0%
Heat Exchanger (HE)
Baseline HE - 7,331 -
Efficient HE 1 UA of both HEs increased by 20% 8,809 8.5%
Efficient HE 2 UA of both HEs increased by 40% 10,278 14.5%
Efficient HE 3 UA of both HEs increased by 60% 11,746 19.5%
Efficient HE 4 UA of both HEs increased by 80% 15,049 23.0%

Source: Costs are based on inputs from Chinese VRF system manufacturers. Energy savings are adjusted from Riviere et al.
(2009) based on reported savings change between capacities.
Note: U (W/m?/K) is the overall heat transfer coefficient, A (m?) is the total heat exchange area. The VRF system with the
baseline compressor has a system rating of 3.0 EER.
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4.4. Other Parameters

Operational characteristics of the VRF systems and other parameters used in the analysis are summarized
in Table 10. In addition, we have assumed 15 years of lifetime and 4% discount rate. These parameters
are the same across all types of VRF systems considered in this analysis.

Table 10. Operational Characteristics of VRF Systems and Other Parameters Used in the Analysis

Parameter Value Source
Hours of use (residential) (h/yr) 1,569 GB 21454-20xx
Hours of use (commercial) (h/yr) 1,773 GB/T 18837-2015, GB/T 17758-2010
.. . . . China National Development and Reform
Electricity price (residential) ( ¥ /kWh) 0.55 Commission (NDRC), 2019
.. . . China National Development and Reform
Electricity price (commercial) (¥ /kWh) 0.8 Commission (NDRC), 2019
Annual increase rate of electricity price (%) 1 Assumption in this study
Price sensitivity (+ %) 50 Assumption in this study
Usage sensitivity (+ %) 25 Assumption in this study
5. Results

Figure 4 and Figure 11 show the modeled least manufacturing costs and retail prices for our VRF systems
at efficiencies of 4.2-5.5 APF, with a + 50% price sensitivity. The x-axis at Figure 10 starts from 2.7 APF
to show where the current MEPS is. Figure 4 also presents actual retail prices of 14 kW (1 outdoor/4 indoor
units) and 18 kW (1 outdoor/5 indoor units) VRF systems in China to validate our price predictions based
on a 68% markup rate. Current market prices appear to reflect the bundling of features other than efficiency,
because prices at the same efficiency level vary as much as 100%.

As seen in Figure 4, improving the baseline APF 4.2 to APF 4.5, 5.0, and 5.5 can be achieved at price
increases of about 3.2%, 7.7%, and 12.2%, respectively, for VRF system 1. For VRF system 2, the price
increases are about 3.7%, 8.5%, and 11.7%. As listed earlier in Table 3, there are already multiple models
from Chinese manufacturers reported to have APF rating ranging from 4.6 to 5.0. Improving to APF 5.5—
the highest efficiency in the Japanese market for these categories—can be achieved at a price increase of
about 12%. APF 5.5 represents a ~30% improvement in efficiency compared to baseline APF 4.2.
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For the two larger systems in Figure 5, no real price data are available, because such systems are generally
customized for individual building projects, and bulk prices can vary owing to building design and so forth;
therefore, we use a scaling factor based on capacity and number of indoor units to obtain representative
market prices per DOE (2015). As seen in Figure 5, improving the baseline APF 4.2 to APF 4.5, 5.0, and
5.5 for both systems can be achieved at price increases of approximately 2.5%, 5.5% and 10%, respectively.
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Figure 5. Manufacturing cost and retail price increase per efficiency improvement of VRF systems 3 and 4
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MEPS to Grade 1 conversion includes uncertainty.
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Figure 6 shows net customer savings over the lifetimes of VRF systems 1 and 2, based on cumulative
discounted electricity bill savings and the incremental cost of higher-efficiency systems. Figure 6 also
shows sensitivity lines for a £25% change in VRF use. Net savings increase with increasing efficiency until
the end of the x-axis (APF 5.5) VRF systems 1 and 2. Thus, increasing the MEPS stringency to APF 5.5—
the highest efficiency level in the Japanese market for small VRF systems common for residential use—is
likely to provide large consumer benefits. Net savings are significantly lower with 25% less use, but still
remain positive through APF 5.5.
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Figure 6. Lifetime net savings for each design level of the least-cost curve for VRF systems 1 and 2 in China
Note: Y-axis scales differ between the two systems. Dotted lines represent £25% use sensitivity.
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Figure 7 displays the payback periods for VRF systems 1 and 2 at each higher-efficiency design level with
a £25% change in hours of use, compared with the baseline APF 4.2 unit. For VRF system 1, the payback
period is less than or equal to 4 years with increasing efficiency until about APF 5.0, and less than or equal
to 4.5 years for efficiencies of APF 5.1-5.5. In contrast, VRF system 2 is paid back in less than 4 years only
at efficiencies below APF 4.5. The payback period is between 4.5 and 5 years for APF 4.6-5.5. The
sensitivity lines in

VRF Sytem 2 - Payback (years)

42 43 44 45 46 47 48 49 50 51 52 53 54 55
APF (Wh/Wh)

Figure 7 show that 25% less use increases the payback period by more than 1 year, and the difference
widens with improving efficiency.
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Figure 7. Payback periods for each design level of the least-cost curve for VRF systems 1 and 2 in China
Note: Y-axis scales differ between the two systems. Dotted lines represent the £25% use sensitivity.
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Figure 8 shows net customer savings over the lifetimes of VRF systems 3 and 4, which are the two
commercial systems analyzed in this study. Net savings are much higher compared with savings from small-
capacity residential VRF systems, and they increase with improving efficiency until the end of the x-axis
(APF 5.5). Thus, increasing the MEPS to APF 5.5 for VRF system 3 and 4 likely would provide large
benefits to customers. As in residential units, the net savings are significantly lower with 25% fewer hours
of use, but they remain positive through APF 5.5.
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Figure 8. Lifetime net savings for each design level of the least-cost curve for VRF systems 3 and 4 in China
Note: Axis scales differ between the two systems. Dotted lines represent the £25% use sensitivity.
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As seen in Figure 9, large-capacity commercial systems pay back faster than residential systems. As with
residential systems, 25% less use increases the payback period, but the magnitude is slightly smaller.
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Figure 9. Payback periods for each design level of the least-cost curve for VRF systems 3 and 4 in China
Note: Y-axis scales differ between the two systems. Dotted lines represent the +25% use sensitivity.
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6. Conclusion

This study provides a comprehensive analysis of cost-efficiency relationships for VRF air conditioning
systems in China. We examine the cost of efficiency improvements for four different VRF systems, which
vary by capacity and number of indoor units. The results show that China has great opportunity to improve
its VRF system efficiency using cost-effective technologies. With stringent MEPS levels, sufficient
incentives, and robust regulatory programs such as labeling and procurement programs, high-efficiency
VREF systems can be developed and deployed in China.

The following are key findings and implications of this study:

e The best available VRF systems in Japan currently achieve Japanese APF 6.5-6.6 (China APF of
roughly 5.0-5.5, based on our preliminary estimates). In general, the best available VRF systems
available in major economies surpass the highest efficiency levels recognized by labeling
programs by at least 20%.

e There are multiple VRF systems manufactured in China that have system EER ratings of 4.00 and
higher. In addition, some Chinese manufacturers reported a China APF range of 4.60-5.00 for
VREF systems with an IPLV range of 6.05-6.60 (see Table 3).

e Increasing the efficiency of small-capacity VRF systems (considered CC < 28 kW in this report))
to APF 5.5—representing about 30% efficiency improvement, which are common for residential
use—is feasible and beneficial. There are already multiple models from Chinese manufacturers
reported to have APF rating ranging from 4.6 to 5.0, an APF 5.5—the highest efficiency in the
Japanese market for these categories

o could be achieved at a price increase of about 12%, compared with the price of a baseline
APF 4.2 VRF system.

o likely would provide large consumer benefits in the form of net savings over a system’s
lifetime; the payback period varies little between efficiency levels of APF 5.0 and 5.5,
and is less than 5 years in most of the cases.

e Increasing the efficiency of large-capacity VRF systems (common for commercial use) to APF
5.5 for systems is also feasible and beneficial.

o It could be achieved at a price increase of about 10%, compared with the price of a
baseline APF 4.2 VRF system.

o It likely would provide large benefits to commercial customers in the form of net savings
over a system’s lifetime, and it could pay back faster than residential units do because of
longer hours of use.
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Appendix

Al. Definitions of Key Product Categories in BSRIA market research

Defined as multi split Defined as single split outdoor, multiple indoor units
Indoor units Indoor units
i i - v Controlled as one
ndependently
Outdoor Outdoor
unit X conholier unit v 2-4 indoor units
Generally above 10 kW
~ Up to 13 kW
v
! p e Defined as mini VRF
Defined as mini VRF
Individually Indoor
controlled units
Expansion
Up to 20 kW valve box
Indoor units
Qutdagr Individually
unit

Qutdoor controlled

unit

Expansion
valve box

gl
gl
-]
_|:| 11-15 kW
g
— |

Figure Al-1. Definitions of PAC product types in China market.
Source: BSRIA (2016)
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A2. U.S. Single-Phase, CC <19 kW VRF Multi-Split ACs and HPs: SEER and EER
for Cooling and Heating Seasonal Performance Factor (HSPF) for Heating

The U.S. residential central ACs/HPs MEPS (Table A), which also covers single-phase CC<19 kW VRF
multi-split units, divides the country into three different climate zones based on the population-weighted
number of heating degree days (HDD); see Error! Reference source not found.:

e < 5,000 HDDgsr: Southeast (hot-dry), Southwest (hot-humid) based on the number of cooling
operating hours and relative humidity during those operating hours per year
e >5,000 HDDgsr: North (also referred to as “rest of the country”), which represents the national

standard
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Figure A2-1. U.S. climate zones used in the residential central ACs/HPs MEPS

Table A2-1. 2015 Version of U.S. Residential Central ACs/HPs MEPS, Including Single-Phase CC<19 kW
VRF Multi-Split Units

North (National) Southeast Southwest
SEER HSPF SEER SEER EER
Split AC (< CC 45,000 Btu/h) 14 NA 15 15 12.2/10.2
Split AC (= CC 45,000 Btu/h) 14 NA 14.5 14.5 11.7/10.2
Split HPs 15 8.8 NA NA NA
Single-package ACs 14 NA NA NA 11.0
Single-package HPs 14 8.0 NA NA NA

Source: DOE (2017)
Note: Single-phase, CC < 19 kW VRF multi-split units follow the residential central ACs/HPs MEPS. The 10.2 EER amended
energy conservation standard applies to split-system ACs with a SEER greater than or equal to 16.
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A3. U.S. Other VRF Multi-Split ACs and HPs: SEER/EER for Cooling and
HSPF/Coefficient of Performance (COP) for Heating

In the United States, there is no climate division for VRF systems larger than 19 kW. The same MEPS is

used for different climatic regions (Table A).

Table A3-1. U.S. MEPS for VRF Multi-Split ACs and HPs

Compliance Date:

. . Efficienc Products
Equipment Type CC Heating Type Level y Manufactured on
and After
VRF multi-split ACs | = 63:000 Btw/h All - . 13.0 SEER |  June 16, 2008
(air-cooled) > 65,000 Btu/h and No heating or electric 112 EER Jan 1. 2010
< 135,000 Btu/h resistance heating ) ’
All other types of 11.0 EER Jan 1, 2010
heating
> 135,000 Btu/h and | No heating or electric
< 240,000 Btu/h resistance heating I1.0 EER Jan 1,2010
All other types of 10.8 EER Jan 1,2010
heating
> 240,000 Btu/h and | No heating or electric
< 760,000 Btu/h resistance heating 10.0 EER Jan 1,2010
All other types of 9.8 EER Jan 1,2010
heating
VRF multi-split HPs | < 65,000 Btu/h 13.0 SEER
(air-cooled) All 7.7 HSPF Jun 16, 2008
> 65,000 Btu/h and No heating or electric 11.0 EER Jan 1. 2010
< 135,000 Btu/h resistance heating 3.3 COP ’
All other types of 10.8 EER
heating 3.3 COP Jan 1, 2010
> 135,000 Btu/h and | No heating or electric 10.6 EER Jan 1. 2010
< 240,000 Btu/h resistance heating 3.2 COP ’
All other types of 10.4 EER
heating 3.2 COP Jan 1, 2010
> 240,000 Btu/h and | No heating or electric 9.5 EER Jan 1. 2010
< 760,000 Btu/h resistance heating 3.2 COP ’
All other types of 9.3 EER
heating 3.2 COP Jan 1, 2010
VRF multi-split HPs | < 17,000 Btu/h Without heat recover 12.0 EER Oct 29, 2012
(water-source) out icat recovery 4.2 COP Oct 29, 2003
. 11.8 EER Oct 29, 2012
With heat recovery 47 COP Oct 29, 2003
> 17,000 Btu/h and 12.0 EER
< 65,000 Btu/h Al gacop | Oct29,2003
> 65,000 Btu/h and 12.0 EER
< 135,000 Btw/h Al gacop | Oct29,2003
> 135,000 Btu/h and . 10.0 EER
< 760,000 Btu/h Without heat recovery 3.9 COP Oct 29, 2013
. 9.8 EER
With heat recovery 3.9 COP Oct 29,2013

Source: DOE (2016)

Note: VRF multi-split HPs (air-cooled) with heat recovery fall under the category of “all other types of heating” unless they also
have electric resistance heating, in which case they fall under the category of “no heating or electric resistance heating.”
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A4. Performance Evaluation Metrics and Test Conditions

IPLV is a single number that is a cooling part-load efficiency figure of merit calculated per the method
defined by the AHRI in ANSI/AHRI 340/360-2007, AHRI 1230-2010, and so on. In China, GB/T 17758-
1999 and GB/T 18837-2002 specified the IPLV and test procedure consistent with the AHRI standard.
Systems which are capable of capacity reduction are rated at 100% and at three steps of capacity reduction
(close to 75%, 50%, 25%) provided by the manufacturer. IPLV is calculated as follows:

a. Determine the capacity and EER at the conditions specified in the standard.
b. Determine the part load factor (PLF) at each rating point specified in the standard
c. Use the following equation to calculate IPLV

, |LI:R +EERj] , (ER Em |
PLV = [PLF —PIF J:-cl‘l—"_,_er-LF 033
o2 N Y 2
. |ER  +EER _

Ik n-| i 1) S ( 3
+| PLF =PLF |x +| PLF ]x'-EER J
1 2 n., n

\ \

PLF = part-load factor
n = total number of capacity steps

In general, IPLV is calculated using the general equation with: n =4 and

PLF1 = 1.0 EERI = 8.9 (US), 2.9 (China)
PLF2 = 0.9 EER2 = 7.7 (US), 4.05 (China)
PLF3 = 0.4 EER3 = 7.1 (US), 5.14 (China)
PLF4 = 0.1 EER4 = 5.0 (US), 2.57 (China)

Those two standards were revised and replaced by GB/T 17758-2010 and GB/T 18837-2015. In the latest
version, IPLV is only used for water-cooled multi-split units, while APF is used for air-cooled units. The
revised IPLV is similar to the IEER in AHRI 1230-2010, but with different weighting coefficients and load
curves (condensing temperature over % load). The new China IPLV is calculated using test derived data
and the following formula.

IPLV =23% XA+ 41.5% X B +46.1% X C +10.1% X D

For VRF multi-split ACs > 19 kW (65,000 Btu/h), the AHRI IEER is calculated using the following
coefficient and formula.

IEER = (0.020 - A) +(0.617 - B) +(0.238 - C) + (0.125 - D)

where:
A = EER at 100% net capacity at AHRI standard rating conditions
B = EER at 75% net capacity and reduced ambient
C = EER at 50% net capacity and reduced ambient
D = EER at 50% net capacity and reduced ambient
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Table A4-1. Operating Conditions for Standard Rating and Performance Operating Tests for
Systems > 19,000 W (65,000 Btu/h) in AHRI 1230-2010

INDOOR OUTDOOR SECTION
SECTION
Air Entering Air Entering Water®
Air Conled Evaporative
Dry- Wet- Dry- Wet- Dry- Wet-

Bulb Bulb Bulb Bulb Bulb Bulb IN ouT
DP‘ OF DE.' IJF I.IF D[_' I]F IJF
[*C] ['c] ['C] ['€] ['C] ['C] ['C] [*C]
Standard  Rating  Conditions 80.0 67.0 95.0 75.0' 95.0 750 250 95.0
Cooling’ [26.7] | [194] | [35.0] [ [23.9] | [35.0] | [239] | [294] [ [35.0]
Low  Temperature Operating | 67.0 57.0 67.0 57.0' 67.0 57.0 NA 70.0°
Cooling’ [194] | 1397 | (1941 [ [139] | [194] | [139] [21.1]
Maximum Operating Conditions’ 80.0 67.0 115 7500 100 80.0° 90.0° NA
[26.7]7 | [194] | [46.10 [ [239] | [378] | [267] | [32.2]
5 | Part-Load Conditions (IEER)’ BO.O 67.0 | Vares | 'Varies | Varies | Vares | “Vories | Varies
= [26.7] [19.4] with with with with with with
; load load load load load load
& per per per per per per
w Table Table Table Table Table Table
. 11 11 11 11 11 11
Part-Load Conditions (IPLVY BO.O 670
[26.71 | [194] | ®o0 | 670" | 800 | 670 | 750° NA
[26.7] [ [194] | [26.7] | [26.7] | [23.9]
Insulation Efficiency’ £0.0 75.0 80.0 75.0' 800 750 NA 800
[26.7] | [23.9] | [26.7] 239] [ [26.7] | [239] [26.7]
Condensate Disposal® 80.0 75.0 80.0 7500 0.0 75.0 NA 80.0
[26.7] | [23.9] | [26.71 | [239] | [26.7] | [239] [26.7]
Standard Rating Conditions T0.0 60.0 47.0 43.0 NA NA NA NA
(High Temperature Steady State | [21.1] [15.6] [8.3] [6.1]
Heating) (max)
]
=
5 Standard Rating Conditions TO.0 60.0 17.0 15.0 NA NA NA NA
& | (Low Temperature Steady State | [21.1] [15.6] | [-B.3] [9.4]
= | Heating) {max)
Maximum Operating Conditions 80.0 NA 75.0 65.0 MNA NA NA NA
[26.7] [23.9] [ 183]

NOTES:
I

The wet-bulb temperature condition is not required when testing air cooled condensers which do not evaporate
condensate except for units with optional outdoor cooling coil.
Water flow rate as determined from Standard Rating Conditions Test.

Cooling rating and operating tests are not required for heating only heat pumps.

3
Y Make-up water temperature shall be 90.0°F [32.0°C].

The ratings for water-cooled outdoor sections in this table apply only to air conditioning-only systems.

Source: AHRI 1230-2010 Performance Rating of Variable Refrigerant Flow (VRF) Multi-Split Air-

Conditioning and Heat Pump Equipment

Table A4-2. Water-cooled IPLYV (2010 version) Part-Load Rating Conditions

Conditions °C
Air entering indoor-side

Dry-Bulb 27
Wet-Bulb 19

Water-cooled condenser
Entering water temperature
Water flow rate

100% load: 30, 75% load: 26, 50% load: 23, 25% load: 19

Full load flow

Source: GB/T 17758-2010 Unitary Air Conditioner
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Table A4-3. IEER Part-Load Rating Conditions

CONDITIONS °F °C
Indoor Air
Return Air Dry-Bulb Temperature 800 26.7
Return Air Wet-Bulb Temperature 67.0 19.4
Indoor Airflow Rate Note 1 Note 1

Condenser {Air Cooled)
Entering Dryv-Bulb Temperature Outside Air
Temperature (OAT)

For % Load > 44 4%,
OAT =0.54 - % Load + 41
For % Load < 44 4%, QAT =65.0
Note 2

For % Load = 44 4%,
OAT=030-"% Load+ 5.0
For % Load = 44 4%, OAT =183
Note 2

Condenser Airflow Rate (¢fim)
Condenser (Water Cooled)

Condenser Entening Water Temperature

(EWT)

For % Load > 34 8%,
EWT = 0460 - % LOAD + 39
For % Load < 34 8%, EWT =550
full load flow

For % Load = 34 8% |
EWT =0.256-% LOAD + 3.8
For % Load <34 8%, EWT =128
Condenser Water Flow Raie (gpm) full load flow
Condenser (Evaporatively Cooled)
Entering Wet-Bulb Temperature (EWB)

For % Load > 36.6%, For % Load > 36.6%,

EWEB =0.35 - % Load + 40 EWB=0.19% Load + 44
For % Load < 36.6%, EWB = 52§ For % Load <36.6%, EWB=11.6
Source: AHRI 1230-2010 Performance Rating of Variable Refrigerant Flow (VRF) Multi-Split Air-Conditioning and Heat Pump

Equipment

The seasonal energy efficiency ratio (SEER) is calculated by summation of cooling load over power input
for each outdoor temperature, as cooling seasonal total load (CSTL) / cooling seasonal energy consumption
(CSEC), Y.(cooling load X hours)/Y.(power input X hours) , in an outdoor temperature range,
varying by region.

The heating seasonal performance factor (HSPF) is calculated by summation of heating load over power
input for each outdoor temperature as heating seasonal total load (HSTL) / heating seasonal energy
consumption (HSEC), Y.(heating load X hours)/ Y.(power input X hours), in an outdoor temperature
range, varying by region.

The annual performance factor (APF) is as (CSTL+HSTL) / (CSEC+HSEC).

Table A4-4. Temperature Conditions for SEER and HSPF of Variable-Speed Systems

Cooling
Outdoor DB/WB Indoor DB/WB Outdoor DB/WB Indoor DB/WB

temp. (°C) temp. (°C) temp. (°C) temp. (°C)
Full capacity (100%)
Half capacity (50%) 35/24 27/19 7/6 20/15(max)
Minimum capacity (25%)
Full capacity (100%)
Half capacity (50%) 29/19 27/19 2/1 20/15(max)
Minimum capacity (25%)
Full capacity (100%)
Half capacity (50%) - - -7/-8 20/15(max)
Minimum capacity (25%)

Note: Performance at the lower temperatures can be calculated by using predetermined equations, for example:
Cooling: Capacity(29°C)=Capacity(35°C)x1.077; Power input(29°C)=Power input(35°C)x0.914
Heating: Capacity(-7°C)=Capacity(7°C)*0.82; Power input(-7°C)=Power input(7°C)*0.64
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AS. Detailed Description of the Efficiency Improvement Options Considered in This
Study

Asymmetric scroll design. Such structure reduces the leakage of the refrigerant sucking in the
compression chamber, and also improves the operating efficiency of the compressor.

Magnet rotor: Such neodymium magnet rotor can efficiently reduce the noise level and control the
rotating speed, with the optimized structure.

Torque control: VSDs with torque control systems quickly react to discharge pressure differences, to
keep the pressure stable, from high-torque demands at startup to continual use.

180° sine wave control: Such systems provide high precision motor speed control with reducing reactive
loss of motor-driven.

Brushless DC motor: These types of motors provides steeples speed regulation and more stable operation,
reducing noises as ensuring energy conservation and high efficiency.

Microchannel heat exchangers: Channels with a hydraulic diameter below 1 mm.
Circuit optimization: Optimization of the refrigerant circuitry.

Fin designs: Optimum design structures provide low air resistance and great heat transfer coefficient; also
improves frosting efficiency.

Groove patterns: These patterns increase the contact area of the refrigerant and improves the heat transfer
efficiency.
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